Objective: The assessment of systemic reperfusion injury and the contractile force of the peripheral muscles post-acute ischemia of the hind limbs in healthy versus diabetic ischemic preconditioned rats. Method: The study included 16 Wistar rats divided into two groups: the control group and the diabetic ischemic preconditioned group. Acute ischemia was induced, followed by reperfusion. The assessment of reperfusion injury used biochemical, histopathological and functional determinations (peak tetanic tension-PTT, specific tension-ST). Results: Ischemiareperfusion injury was more severe in control group regarding creatine-kinase (CK) (CK1=470.13 IU/L versus CK2=230.88 IU/L, p=0.0001) and myoglobin (390.25 ng/mL versus 47.99 ng/mL, p=0.025). Cytolysis enzymes were significantly increased in diabetic preconditioned rats (Alanine aminotransferase ALAT1=46 IU/L, ALAT2=167.8 IU/L, p=0.02; Aspartate aminotransferase ASAT1=106 IU/L, ASAT2=237.5 IU/L, p=0.016). Functional assessment (PTT and ST) highlighted roughly equal values. A paradoxical response occurred in diabetic rats (the contractile force increased during the period of the stimulation). Histopathological findings showed that rhabdomyolysis was more severe in the control group, while inflammatory systemic response due to reperfusion injury was less expressed in diabetic ischemic preconditioned rats. Conclusions: Ischemic preconditioning reduces the severity of reperfusion injury and allows the preservation of contractile muscle function in diabetic rats.
Introduction
Diabetes mellitus involves multiple micro-and macro vascular complications, that rapidly and irreversibly aggravates the morphofunctional status of various organ and systems, as well as the hind limbs. In most cases, revascularization techniques are associated with local and systemic complications secondary to ischemia-reperfusion injury (IRI). The duration and severity of ischemia, as well as the promptness and the type of revascularization technique, determine the evolution towards either rapid biochemical, structural and functional recovery, or the total irreversible damage of the ischemic area. Reperfusion induces a systemic inflammatory response, secondary to the activation of macrophages and the release of oxygen free radicals into the bloodstream, which cause endothelial damage and the release of tissue injuring proinflammatory cytokines [1, 2] .
Ischemic preconditioning (IP) is the most common and most effective non-invasive technique that provides protection against IRI by inducing short periods of ischemia followed by reperfusion in a specific territory [1, 3, 4] . Saita et al demonstrated that the effectiveness of pre-conditioning is related to the duration and not to the number of cycles applied. The best results are achieved when applying 10 minutes ischemia and 10 minutes reperfusion for three cycles each [5] . Fernandez et al demonstrated that the benefit of these method lies in the anti-inflammatory effect. This effect occurs post IP in the hind limbs, due to reduced conversion of xanthine dehydrogenase (XDH) to xanthine oxidase (XOH) and the release of reactive oxygen species (ROS), decreased neutrophils infiltration and oxidative stress [6] .
IP presents a biphasic evolution pattern. The early phase (classic preconditioning) occurs within the first three hours of ischemia, being independent of protein synthesis. After 24 hours the second window onsets (the late phase), which lasts for 48 hours and is associated with protein expression in the vascular endothelium and increased adenosine synthesis. Adenosine induces vasodilatation, anti-aggregation of platelets, inhibits cell adhesion, and also regulates neutrophil functions. Thus adenosine stimulates the systemic protection of organs located distal to the area where ischemia occurred. Remote ischemic preconditioning (RIP) also increases the adenosine synthesis where in short-term ischemia of an organ followed by reperfusion provides distant organ protection against IRI. This technique is especially used in case of surgical treatment of the heart, lung, kidney and liver [3, 7] .
The objective of the study was to assess of the extent of ischemia-reperfusion injury following acute ischemia of the hind limbs in diabetic ischemic preconditioned rats. Our study included a number of 16 male Wistar rats, aged 8 weeks, weighing between 368 and 430g, randomly divided into two groups: group 1 (n=8, control group), including diabetic rats and group 2 (n=8) including diabetic ischemic preconditioned rats. The animals were acclimated to usual laboratory condition 14 days before the experiment (ambient temperature of22⁰C, circadian rhythm of light). The rats were fed with standard laboratory rodent food (provided by Cantacuzino Institute, Bucharest, Romania) and water ad libitum. In all studied rats diabetes was induced using intraperitoneal administration of Streptozotocin (Streptozotocin MixedAnomers, Sigma-Aldrich, Canada), 60 mg/kg. The presence of diabetes was confirmed by clinical evidence (polyuria, polyphagia, polydipsia, weight loss) and by serial measurements of fasting glucose from day 4 after Streptozotocin administration. The blood samples were obtained after eight hours of fasting, by vena caudalis puncture. The cut-off values were considered to be greater than 15mmol/dL or 270 mg/dL [8, 9] .
Methods
Four weeks after the onset of diabetes, subsequent to 12-hour fasting, group 2 underwent ischemic preconditioning, in general anesthesia with intraperitoneal injection of Ketamine-Xylazine (50mg/kg+ 10mg/kg). We induced three cycles of 10 minutes of ischemia/reperfusion by applying a tourniquet on the upper part of the left hind limb. The efficiency of the induced ischemia was assessed clinically on the basis of capillary refill time (≥ 3 seconds). After 24 hours post IP both groups underwent acute ischemia, under general anesthesia (by inhalation of Sevoflurane), by applying a tourniquet on the upper part of the left thigh for 20 minutes, followed by reperfusion for 30 minutes. In order to prevent ilio-femoral bundle thrombosis, we administered 250 IU of sodium heparin before clamping. Volume replacement was performed by intraperitoneal administration of 5 mL/kg body weight of saline solution. Blood samples for laboratory assays were collected via terminal cardiac puncture, and samples of muscle, kidney and liver tissues were harvested for histopathological examinations. The extensor hallucis brevis muscles were carefully removed, weighed, and rapidly transferred into the Steiert organ bath. The muscles were connected to the force transducer, progressively pre-tensioned to 9.8 mN of force, and allowed 30 min of equilibration under constantflow perfusion of oxygenated (95% O 2 + 5% CO 2 ) KrebsHenseleit solution containing (in mM) 118.0 NaCl, 4.7 KCl, 25.0 NaHCO 3 , 1.2 MgSO 4 , 1.25 CaCl 2 , 1.2 KH-as the difference between the maximum amplitude of the isometric contraction induced at electrical stimulation and the baseline level; the velocity of the tetanic contraction (∆T/∆t c ); the specific tension (ST), calculated as the PTT / muscle weight; the velocity of muscle relaxation (∆T/∆t r ). The serums obtained were centrifuged (2000 r/min for 3min) and analyzed using a Miura type analyzer. Microscopic analyses of the biopsy specimens were performed after standard processing, Hematoxylin-Eosin staining and images were analyzed by using a NIKONECLIPSEE-800 microscope with 2x, 4x, 10x, 20x, 40x objectives.
SPSS statistical software package version 20 was used for statistical analysis. Student's t-test (for normally distributed data), and Mann-Whitney U-test (for non-normally distributed data), were used for analysis, with the confidence interval set to 95%, and a p value lower than 0.05 was considered statistically significant. All data were expressed as mean values±SD.
Results
The results of the biochemical evaluations (mean values, standard deviations and their statistical significance) are summarized and compared in Table I . Functional evaluation revealed no significant difference between the two groups. Peak tetanic tension (PTT), tetanic contraction velocity (∆T/∆tc); specific tension (ST) and muscle relaxation velocity (∆T/∆tr) showed no statistically significant differences, although the mean contraction and relaxation velocity were higher and the duration of muscle relaxation after contraction was shorter than in the control group (Table II) . Histopathological findings revealed ischemia and reperfusion injury at the level of the skeletal muscles. The lesions were more markedly expressed in the control group. Changes of the skeletal muscle represented by the fragmentation of fibers and rhabdomyolysis were observed in the control group, whereas areas of coagulative necrosis with the preservation of muscle fiber architecture were reported in IP rats. There were more significant structural changes in the control group consisting by the presence of eosinophilic precipitate within the renal tubules (precipitated myoglobin). The main kidney injury presented in the preconditioned group was cell edema.
Microscopic examination of the liver revealed in both groups only moderate vascular stasis and moderate inflammatory infiltrates in the periportal areas.
Discussion
In this study a biological, pathological and functional IRI assessment was performed on both local and systemic levels. Local injuries secondary to acute ischemia of the hind limb revealed significant rhabdomyolysis in the control group compared to the ischemic preconditioned group. CK and myoglobin values presented also a statistically significant increase, although maximum values did not exceed more than 3-4 times normal values. Hypoxic and ischemic cell injury secondary to impaired blood flow was followed by impaired oxidative phosphorylation. The decrease of mitochondrial ATP deposits induces Na + -K + pump dysfunction with K + ion efflux and Na + ions and water influx.
The direct consequence was the onset of cellular edema and structural changes. Increased influx of Ca 2+ ions, the loss of glycogen reserves and the alteration of protein synthesis can determine organ dysfunction, however at this stage, alteration are reversible if blood flow is restored [10, 11] .
Reperfusion generates more severe tissue injuries compared to those induced by ischemia, while ischemic tissues releases significant quantities of toxic oxygen radicals. Both toxic oxygen radicals and super oxides induce endothelial injury, increased vascular permeability (tissue edema during reperfusion) and trigger inflammatory response. Activation of neutrophils, adhesion molecules and cytokines are responsible for the onset of reperfusion injury. While tissue ischemia is the main trigger of pathophysiological changes, reperfusion is the condition that triggers the inflammatory response [7] .
IP is the most powerful mechanism against IRI as it improves molecular and cellular cascade and alleviates acute lung and tissular injuries [1, 12] .
After a period of ischemia, tissues adapt to anaerobic metabolism. The restoration of blood flow will induce an excessive supply of oxygen, thus activating the macrophages in the blood vessels and generating superoxide radicals and ROS, which will in turn induce oxidative stress [7] .
IP improves muscle tissue perfusion and stimulates a decrease in blood flow to tissue following ischemia-reperfusion injury of the skeletal muscle [13] . Our study also demonstrated that ischemic lesions of the skeletal muscle were more frequent in the control group compared to the IP group represented by diabetic rats. This was expressed by elevated myoglobin and CK levels. IP increased adenosine levels and the number of K + -ATP channels, improving the oxygen supply and increasing lactate removal [14] .
The augmentation of adenosine level might explain why rhabdomyolysis is less severe in the diabetic ischemic preconditioned rats. Our study is in agreement with a previous study of Harkin et al who found fewer skeletal muscle necrosis in IP rats than in healthy subjects [12] .
Systemic effects of IRI were also mitigated in the group of preconditioned rats. Przyklenk et al [15] described for the first time remote ischemic preconditioning (RIP), demonstrating that the short-term occlusion of the coronary arteries may have protective effect on the ischemic heart, effects subsequently observed in other organs too (liver, kidney, lungs).
The assessment of renal function was performed by monitoring urea and creatinine values. Although renal impairment was more severe in group 2 (1.5 x normal values) than in the control group, it did not reach statistical significance. The increase of urea was higher in the diabetic rats, secondary to dehydration syndrome, due to osmotic diuresis.
Histopathological examinations highlighted more significant structural alterations in the control group. These results are in accordance with the noted biochemical changes. Preservation of the renal function might be explained by early revascularization after acute ischemia, right before the onset of irreversible injuries.
Ischemic-reperfusion injury in the liver induces cholestasis and temporarily reduces bile secretion [16] . The best indicators of IR liver damage are represented by enzyme activitiy and histopathological changes.
Wang et al [16] demonstrated the hepatic protective role of RIP in the first and in the third hour after liver reperfusion injury in mice [7] . In our study, the increase of ALAT and ASAT values in group 2 was statistically significant.
The elevated values of ALAT enzyme were interpreted as a sign of dysmetabolic disorder, because of its hepatic in- jury specificity. This interpretation is also supported by the significant hepatomegaly (marker of dysmetabolic injury) present at autopsy. The increase of the ASAT enzyme values might be interpreted as a sign of rhabdomyolysis and dysmetabolic myopathy, rather than hepatic reperfusion injury. Copray et al [17] revealed the presence of muscle injury in diabetic rats, especially of the atrophic type of fast fibers and/or destruction of the sarcoplasmic reticulum, with implicit decrease in muscle mass (rhabdomyolysis being less important). The biochemical quantification of the degree in tissue injuries was expressed by the LDH value (nonspecific indicator). In our study, LDH values were significantly higher than normal in both groups, suggesting increased accumulation of lactic acid in the tissues and the shift to aerobic metabolism (reperfusion). Since there was no statistically significant difference between the two groups, this can be explained by the fact that IP improves the blood flow by the local and systemic up-regulation of the permeability transition pore, increasing lactate mitochondrial influx and subsequent oxidation [14] . The increased mean value of LDH in group 2 is due to the fact that the effects of IP on oxidative injury in case of ischemic-reperfusion are more reduced in diabetic rats [18] .
The functional assessment of acute ischemia-reperfusion injury of the skeletal muscle did not reveal statistically significant changes between the two studied groups regarding the peak tetanic tension, titanic contraction velocity, specific tension or muscle relaxation velocity. However, in rats, which underwent ischemic preconditioning, the mean values of contraction and relaxation velocity were higher than in the control group and post-contraction muscle relaxation period was shorter. We also noticed a paradoxical response.
The value of the contractile force was increasing during the whole period of the stimulation. In case of ischemia, the slowing down in muscle contraction and relaxation was attributed to higher concentration of hydrogen ions, ADP and the concentration of inorganic phosphate [19] . Hypoperfusion and hypoxia are considered contributing factors in this regard, as their presence is partly dependent on local blood flow and oxygen supply.
De Groot et al [19] , and Crisefully et al [20] , demonstrated that hind limb IP increases the maximum force during physical exercise after ischemia and reperfusion, due to increased oxidative phosphorylation and accumulation of nitric oxide. Loukogeorgakis et al [21] demonstrated that the effectiveness of IP is directly proportional to the muscle mass subjected to preconditioning and Barbosa et al showed that after each cycle of ischemia/reperfusion a cumulative vasodilatation occurs, because nitric oxide from the skeletal muscle stimulates basal mitochondrial biogenesis [22] .
Muscle fatigue is directly dependent on tissue perfusion and clearance of metabolites, especially lactate [22] . Minamino demonstrated that IP and RIP improve capillary flow deficit in case of ischemia-reperfusion [23] , reduce the accumulation of lactate in the blood, increase muscle efficiency while using ATP (via ATP sparing), increase mitochondrial flow, mitochondrial biogenesis and thus increase the efficiency in coupling excitation and contraction [14, 22, 24] . This will result in delaying the onset of muscle fatigue, as demonstrated in our study, by improving muscle performance due to ischemic preconditioning in rats and the occurrence of paradoxical response.
Conclusions
Ischemic preconditioning reduces the severity of reperfusion injury and allows the preservation of muscle contractile function in diabetics after acute ischemia. This subsequently can be considered a favourable prognostic factor.
